Background: This study aimed to identify the predictive value of basal sex hormone levels for activation of the hypothalamic-pituitary-gonadal (HPG) axis in girls. Methods: Gonadotropin-releasing hormone (GnRH) stimulation tests were performed and evaluated in a total of 1750 girls with development of secondary sex characteristics. Correlation analyses were conducted between basal sex hormones and peak luteinizing hormone (LH) levels ≥5 IU/L during the GnRH stimulation test. Receiver operating characteristic (ROC) curves for basal levels of LH, follicle-stimulating hormone (FSH), LH/FSH, and estradiol (E2) before the GnRH stimulation test were plotted. The area under the curve (AUC) and 95% confidence intervals (CIs) were measured for each curve.
Introduction
Precocious puberty is a common disease in the field of pediatric endocrinology [1] . Most patients with precocious puberty suffer from inappropriate activation of the hypothalamic-pituitary-gonadal axis (HPG), which results in idiopathic central precocious puberty (CPP). Activation of the HPG is important in the diagnosis of CPP and is based on progressive sexual development, accelerated growth rate, and advanced bone maturation. In cases where the gonadal axis is not activated, peripheral precocious puberty (PPP) is considered. PPP can show similar clinical manifestations to CPP, although the pathogenesis, clinical outcomes, and treatment methods for PPP differ from those of CPP.
Measurements of peak luteinizing hormone (LH) following the gonadotropin-releasing hormone (GnRH) stimulation test is the gold standard for assessing early activation of the HPG axis in cases with clinical symptoms and signs of puberty [2, 3] . However, the GnRH stimulation test requires several blood samples over long time periods, with relevant technicians and facilities. This highlights the need for a simple measure that can be used as a screening test for assessing early activation of the HPG axis. Early in the activation of the HPG axis, amplitude and pulse frequency of serum LH and follicle-stimulating hormone (FSH) secretion are significantly increased. However, prepubertal and pubertal gonadotropin baseline values have some overlap [4] . With use of a third-generation gonadal hormone detection method, which uses an immunochemiluminometric assay, detection sensitivity has significantly improved compared with traditional detection methods. This has helped to differentiate between prepubertal and pubertal hormone levels [5] . Children with CPP were proposed to have higher basal FSH and LH levels than children with PPP in a cross-sectional study [6] . However, further studies are required to determine a more sensitive index for detecting gonadal axis activation and how to select the appropriate cutoff value.
Therefore, the present study aimed to identify the predictive value for activation of the HPG axis in girls. We analyzed basal LH and FSH levels, the ratio between LH and FSH (LH/FSH), and estradiol (E2) levels prior to the GnRH stimulation test.
Subjects and methods

Subjects
We studied a total of 1750 girls with breast enlargement before 8 years of age, who had a physical examination and breast ultrasound indicating breast development, with a breast of Tanner stage 2 or higher. These girls were diagnosed and treated in the Endocrinology Department of Shanghai Children's Medical Center from January 2010 to June 2015. Patients with precocious puberty as a result of another etiology, such as a central tumor, infection, or cranial irradiation, were excluded from the study. Measurements included height, weight, bone age by X-ray photography, and ultrasonography of the uterus and ovaries. Bone age was measured by the Greulich-Pyle method [7] . The volumes of the uterus and ovary were calculated by multiplying the length by the width, thickness, and 3.14, and then dividing by six according to ultrasonography. GnRH stimulation tests were performed and evaluated. The girls were divided into two groups according to GnRH stimulation test results. Girls with peak LH values ≥5 IU/L were considered to have pubertal activation of the HPG axis. These girls were categorized into the positive GnRH stimulation test group. Girls with peak LH values <5 IU/L were considered to have inactivation of the HPG axis and were categorized into the negative GnRH stimulation test group. Informed consent was obtained from the participating children and their parents, and the study was approved by the Institutional Review Board of the Shanghai Children's Medical Center. This study was in accordance with the tenets of the Helsinki Declaration.
Methods
The GnRH stimulation test was performed in the early morning after fasting for 10 h. Gonadorelin (AnhuiFengyuan Pharmaceutical Co., Anhui, China) was injected at a dose of 2.5 μg/kg, with a maximum dosage of 100 μg. Blood samples were drawn from an inserted intravenous cannula before and 30 and 60 min after GnRH injection. Previous studies have suggested that LH levels between 30 and 60 min are sufficient for diagnosis of activation of the HPG axis [8] [9] [10] . All samples were analyzed for LH and FSH levels. The maximal LH and FSH levels achieved at any time point of testing were considered to be the peak levels. Additionally, E2 levels were determined prior to GnRH administration. An electrochemiluminescence immunoassay (DxI800 automated chemiluminescence assay and commercial kit; Beckman Coulter, Inc., CA, USA) was used to determine hormone levels. The intra-assay coefficient of variation for LH was 3.6%-5.4%, with an inter-assay imprecision of 4.3%-6.4% and sensitivity of 0.2 IU/L. The calibration range of the assay was up to 250 IU/L. The intraassay coefficient of variation for FSH was 3.1%-4.3% and inter-assay imprecision was 4.3%-5.6%. The sensitivity was 0.2 IU/L and the calibration range of the assay was up to 200 IU/L. E2 assay sensitivity was 20 pg/mL. The calibration range of the assay was up to 4800 pg/ mL. The intra-assay coefficient of variation was 12%-21%.
Statistical analysis
The Student's t-test was performed to compare the mean of subjects' characteristics between groups, and normal distribution transformation was conducted on a 1/square. Correlation analyses were conducted between sex hormones and puberty status. The odds ratio was calculated according to basal test value between the positive GnRH test group and negative GnRH test group. Because the cutoff value was LHmax = 5.0, the continuous variable LHmax was converted into a binary variable. The LHmax values were categorized as 0 or 1 if LHmax values were <5.0 or ≥5.0. Receiver operating characteristic (ROC) curves for basal levels of LH, FSH, LH/FSH, and E2 were plotted. The area under the curve (AUC) and 95% confidence intervals (CIs) were measured for each curve. Youden's index (sensitivity + specificity − 1) was used to determine the optimal gonadotropin cutoff point from the ROC. The test of equality of ROC areas was performed to compare the AUC between groups. ROC analysis for multiple comparisons was performed between different AUCs using the DeLong method [11] . If multiple comparisons were significant, every two AUCs were further compared. A p-value <0.05 was considered statistically significant. All statistical analyses were performed using Stata 13.0 (Stata Corporation, College Station, TX, USA).
Results
Clinical and hormonal characteristics in the patients
There were 1138 patients in the positive GnRH test group (mean age ± standard deviation: 7.95 ± 1.25 years) and 612 patients (7.16 ± 1.59 years) in the negative GnRH test group. The difference between chronological age and bone age was 1.38 years in the negative GnRH test group and 1.43 years in the positive GnRH test group (p = 0.671). There 
Logistic regression analysis
The biochemical parameters that were considered to be related to the GnRH stimulation test results were adjusted using binary logistic regression analysis (Table 2) . After regression analysis, basal LH levels were the most significantly and positively related to a positive response in the GnRH stimulation test (p < 0.05).
ROC analysis
ROC curves were plotted for basal LH levels, FSH levels, the LH/FSH ratio, and E2 levels ( Figure 1 ). The AUC was measured for each curve (Table 3) . A larger AUC represented a more positive rate of excitation. The maximum AUC was observed for basal LH levels, followed by basal FSH levels, the basal LH/FSH ratio, and basal E2 levels. This finding suggested that the basal LH value was best for predicting activation of the gonadal axis. The p-values of AUC comparisons was <0.05 between each AUC of basal hormone ( Table 3 ). The appropriate cutoff value of basal LH levels associated with a positive response was 0.35 IU/L when Youden's J index reached the maximum value. The sensitivity was 63.96% and specificity was 76.35% from the ROC curves. Therefore, a basal LH value that reached 0.35 IU/L suggested that gonadal axis activation was relatively high and further GnRH stimulation testing was required. A basal LH value that reached 2.72 IU/L (specificity was 100%, but sensitivity decreased to 5.45%) suggested a 100% peak LH level of ≥5 IU/L (Table 4) .
Discussion
Our study showed that the basal LH level was useful for predicting gonadal axis activation. Activation of the gonadal axis is important for diagnosing CPP, which can accelerate bone maturation, result in impaired adult height and early menstruation, and can greatly affect the patient's psychological health [12] . Previous studies have shown that early menstruation is related to adverse health outcomes in later life [13] [14] [15] . Therefore, timely diagnosis and appropriate treatment can help to improve the prognosis of these patients. Diagnosing CPP is difficult and should include clinical manifestations and correct and timely assessment of activation of the HPG axis. However, clinically diagnosing activation of the HPG axis by a simple examination and clinical data is challenging. Currently, the biochemical criteria for diagnostic confirmation of gonadal axis activation are primarily based on the LH response during a standard GnRH stimulation test. A stimulated LH value ≥5 IU/L and/or a stimulated peak LH/FSH ratio >0.6 are considered pubertal responses during GnRH testing [2, 16, 17] . Pubertal LH secretion is characterized by high levels of peak LH secretion, which leads to higher levels of sex hormones in pubertal compared with prepubertal subjects. This eventually leads to the appearance of pubertal physical signs and accelerated growth [18] . With the development of newer and more sensitive immunoassays that measure serum gonadotropins, measurement of basal gonadotropins is hypothesized to allow discrimination between activated and inactivated values in HPG axis maturity. In our single-center study, we investigated 1750 girls with early breast development. We found that basal LH values that were obtained during the GnRH stimulation test were significantly correlated with stimulated LH values. Additionally, LH values were useful as a screening test for predicting a positive response during the GnRH test. The highest Youden's J index (0.40) was used to determine the appropriate cutoff LH value for diagnosing activation of the HPG axis. The basal LH cutoff point was 0.35 IU/L, with a sensitivity of 63.96% and specificity of 76.35%. When the basal LH value was 2.72 IU/L, the specificity reached 100%, although sensitivity decreased to 5.45%, which is higher than the value reported by Houk et al. [19] . They evaluated basal LH levels for discriminating activation of the HPG axis using two different chemiluminescent third-generation immunoassays (Wallac DELFIA and Architect) in 55 girls. Using the Architect assay, the LH cutoff point was 0.83 U/L, with a sensitivity of 93% and a specificity of 100%. Using the Delphi assay, the LH cutoff point was 1.05 U/L, with a sensitivity of 100% and a specificity of 100%. However, in the current study the basal LH cutoff level for evaluating activation of the HPG axis is different from previous studies. Pasternak et al. [20] measured basal serum LH and FSH levels using a chemiluminescent immunometric assay. They showed that low basal serum LH levels (≤0.1 IU/L) were sufficient for ruling out a positive response in the GnRH test in 94.7% of 38 prepubertal girls, with a sensitivity of 64%. Additionally, Suh et al. [21] reported cutoff values of basal LH (0.22 IU/L) that were measured using the sequential two-step immunoenzymatic assay (Access hLH, FSH Reagent Pack; Beckman Coulter, Inc., Brea, CA, USA). They detected a positive response of the GnRH stimulation test with 87.8% sensitivity and 20.9% specificity in 540 girls with clinical signs. They also demonstrated that basal FSH levels, basal E2 levels, and the basal LH/FSH ratio did not have predictive values for the diagnosis of CPP [21] . Mogensen et al. [22] showed that basal LH levels were superior in predicting the maximal LH level during GnRH testing compared with FSH, E2, and inhibin B levels. In another study, a total of 803 girls were included, and serum LH and FSH levels were measured using the immunoradiometric assay [23] . Based on the ROC curve, the optimal cutoff point for the basal LH level that was related to a pubertal response was 1.1 IU/L, which was associated with a sensitivity of 69.1% and specificity of 50.5%. Because of these different results among studies, clinicians must first determine the local cutoff before GnRH stimulation in patients with precocious puberty when applying this method. In the present study, the AUC for LH was greater than that for FSH, the LH/FSH ratio, and E2. This finding indicated that basal LH levels were superior to FSH, the LH/ FSH ratio, and E2 levels for determining activation of the HPG axis. Moreover, some researchers believe that determination of the LH/FSH ratio is helpful for improving the diagnostic accuracy of CPP [24] . However, FSH levels overlap between prepubertal and pubertal girls, which can affect the LH/FSH ratio and limit its application in evaluating activation of the gonadal axis. Our study showed that, when the cutoff value of basal LH levels was 0.35 IU/L, the sensitivity and specificity were 63.96% and 76.35%, respectively, which were relatively low. A basal LH value that reached 2.72 IU/L showed a specificity of 100%, but sensitivity decreased to 5.45%. These data indicated that increased basal LH levels were associated with a positive response to the GnRH test. Therefore, physicians should pay attention to basal LH testing in patients with early breast development. However, the appropriate cutoff value depends on sensitive measurement of basal gonadotropins and clinical manifestations. Therefore, conducting further GnRH stimulation tests might be necessary. Notably, evaluation of HPG axis activation based on LH cutoff values is not consistent between research centers. This could be due to hormone testing methods, apparatus, and GnRH stimulation test methods.
In conclusion, measurement of basal LH levels could be better than FSH levels, the LH/FSH ratio, and E2 levels for initial evaluation of HPG axis activation with clinically suspected early puberty. Increased basal LH values are a significant predictor of a positive response during the GnRH stimulation test for assessing activation of the HPG axis.
